Abstract :
Introduction
Red drum (Sciaenops ocellatus) culture began in the late 1970s and now represents a worldwide production of around 70,000 tons, mainly in China and then the USA (FAO, 2014) . In France, this species is one of the main farmed marine fish with farms being mainly located in the overseas departments and territories. Currently, the annual production of Martinique (approximately 40 tons) remains lower than the potential maximum yield estimated at 200 tons. The usual form of commercialization is iced whole gutted and scaled red drums but farmers need to develop new products like fillets to gain the local markets (Falguière and Buchet, 2002) .
In the study of Li et al. (2013b) , the shelf-life of ice-stored red drum fillets was 8 days.
This is shorter than that of whole fish, which was established as 13-15 days by Fauré (2009) and Régina et al. (2014) . The use of vacuum and modified-atmosphere packaging in combination with chilled storage has been found to extend the shelf-life of meagre fillets (Genç et al., 2013; Sáez et al., 2015; Sáez et al., 2014) , a fish belonging to the same family (Sciaenidae) as red drum, and also fillets of sea bream, sea bass and bogue (Kakouri et al., 1997; Kostaki et al., 2009; Mendes and Gonçalves, 2008) , cod (Dalgaard et al., 1993) , yellow grouper (Li et al., 2011) , rainbow trout (Frangos et al., 2010; Rodrigues et al., 2016) and swordfish (Kykkidou et al., 2009 ). However, there are no data for packed fillets of red drum.
The proximate composition of fresh red drum flesh is 74-80% moisture, 0.6-2.7% fat, 19-24% protein and 1-1.3% ash and the muscle has a pH value of 6.3-6.8 (Leon et al., 2008; Li et al., 2013b) . As for the majority of fish species, these intrinsic properties make the flesh an extremely perishable product due to both microbial development and biochemical reactions occurring during processing and storage
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4 (Andrade et al., 2014) . Bacterial growth is generally responsible for sensory deterioration (Dainty, 1996; Gram and Huss, 1996; Shewan, 1971) .
The free amino acid content and bacterial composition of the fish influence the production of biogenic amines during storage and three of them (histamine, cadaverine and putrescine) are the most significant to monitor the fish safety and quality (Bulushi et al., 2009) . In several studies, biogenic amines accumulation has been correlated with the sensory evaluation and used as chemical indicator (Jørgensen et al., 2000a (Jørgensen et al., , 2000b Kim et al., 2009; Özogul et al., 2002; VecianaNogues et al., 1997) . Rodríguez-Méndez et al. (2009) developed a multisensory system integrating the amount of biogenic amines to assess the fish freshness.
The main bacteria present in VP and MAP packed fish fillets are H 2 S-producing bacteria (including Shewanella putrefaciens and Photobacterium phosphoreum), Pseudomonas sp., lactic acid bacteria (LAB) and Enterobacteriaceae (Dalgaard et al., 1993; Frangos et al., 2010; Kostaki et al., 2009; Kykkidou et al., 2009; Li et al., 2011) , but also Brochothrix thermosphacta (Kakouri et al., 1997) . All these microorganisms are often identified as the specific spoilage organism of various fishery products (Gram and Dalgaard, 2002; Gram et al., 2002; Gram, 2009 ).
In addition to the traditional enumeration on culture media, the microbiota composition can be analyzed by culture-independent methods such as denaturing gradient gel electrophoresis (DGGE) or temporal temperature gradient gel electrophoresis (TGGE). More recently, next-generation-sequencing (NGS), such as pyrosequencing 454 and Illumina MiSeq, has been successfully used to characterize the bacterial ecosystems of various seafoods such as cod and salmon fillets, coldsmoked salmon, cooked shrimp and yellowfin tuna raw steaks (Chaillou et al., 2014; Leroi et al., 2015; Silbande et al., 2016) .
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The first objective of this study was to investigate the effect of packaging (vacuum and CO 2 /N 2 -atmosphere) on the shelf-life and quality of red drum fillets from Martinique in comparison with whole gutted iced fish. The second was to monitor in detail the quantitative and qualitative evolution of the microbiota of VP and MAP fillets, using microbiological (culture-dependent and culture-independent techniques), chemical, biochemical and sensory analyses.
Materials and methods
Red drum sampling and storage conditions
First trial: comparison of whole fish and packed fillets
Red drum (Sciaenops ocellatus) provided from a fish farm located in the center of the Atlantic coast of Martinique (14°41'2.4''N; 60°54'7.8''W). Fish were caught with a dipnet, immediately placed under ice and prepared (scaling, gutting and filleting). Nine whole fish (approximate weight of 1 kg per fish) and fifteen fillets with skin (approximate weight of 250-300 g per fillet) were received at the PARM laboratory 6 h after harvesting.
The whole fish were stored in a cooler box by alternating a layer of fish placed on the belly with a layer of flake ice and kept in a cold room (4°C). To maintain these samples at 0°C, melting water was drained off and ice was replaced when necessary. Fillets were divided into 2 batches. For the first batch, fillets were 
Sensory analyses
Organoleptic inspection (PARM laboratory)
The degree of freshness of the whole raw fish was assessed with the rating scale method developed by the Ifremer station in Martinique for farmed red drum (Fauré, 2009 ), based on visual properties. In this study, the gills could not be evaluated because they were removed during the evisceration step. In brief, 2 trained local judges had to score 8 criteria on a 6-point scale, with 0 representing good quality and
6 rotten fish (Table 1) . When the mean of these scores (freshness index) was equal to or higher than 2.8, the fish was rejected.
For fillets, the appearance (color, texture, slime formation, etc.) and the odor were described in detail and an overall spoilage score was given to each fillet on a 10-point scale, with 0 representing fresh flesh and 10 rotten flesh.
Spoilage score and odor profiles (Ifremer laboratory)
At each sampling date, 50 g of flesh per fillet were diced. thawed, divided into individual portions (20-25 g), placed in plastic bowls with lids and maintained in an oven at 18°C during the session. All products were coded with random 3-digit numbers and served to the panelists in a predefined order to avoid a bias due to the effect of the first group tested. The set of samples was scored by 2 different panelists with a minimum 20-min interval. This minimized the total quantity of red drum flesh for sensory analysis. The panelists had to score on a continuous scale from 0 to 10 (6 being the limit of acceptability) the following appropriate odor descriptors: fish, marine, plant, floor cloth, butter/caramel, rancid, sour/fermented, feet/cheese, red meat/blood. Data were processed by analysis of variance with 2 factors (product, panelist). Principal component analysis (PCA) was performed for the odor profile of samples. The statistical processes were carried out using Fizz 2.50 b 37 software (Biosystèmes, Couternan, France).
Bacterial counts
A 30-g portion of dorsal muscle without skin was collected from the whole fish and fillets with the most stringent hygienic precautions (12°C-room, disinfection of surfaces and equipment and use of a sterile scalpel). This portion was used to enumerate Total Mesophilic Viable Counts (TMVC), Total Psychrotrophic Viable Counts (TPVC), lactic acid bacteria (LAB), Brochothrix sp., Enterobacteriaceae and Pseudomonas sp., as described by Silbande et al. (2016) .
Biochemical analyses
The pH was measured with a pH-meter (Inolab, Germany) in the mother solution (1/5 diluted flesh) prepared for microbial analysis.
Total volatile basic nitrogen (TVBN) and trimethylamine (TMA) were determined in 100 g of fish using the Conway micro-diffusion method (Conway and Byrne, 1933) .
In the second trial, biogenic amines (putrescine, cadaverine, histamine, tyramine, spermidine and spermine) were quantified in 5 g of each sample by high pressure liquid chromatography (HPLC) using a Prominence 20A System (Shimadzu, Kyoto, Japan). The dansyl-chloride derivatization was realized in accordance with Duflos et al. (1999) . Peaks were detected with a UV-detector (SPD-20A, Shimadzu) operating at 254 nm.
Isolation, purification and identification of bacterial isolates
In the second trial, twenty-two bacteria were isolated at day 0 (fresh fillet) and at the Glucose Agar (VRBGA) and CHROMagar Pseudomonas. The 66 resulting isolates were purified, characterized and identified as described by Silbande et al. (2016) .
Next-generation sequencing (NGS)
2.6.1. Total bacterial DNA extraction from red drum flesh
At each sampling date of the second trial, the 3 independent mother solutions of the triplicate were pooled in equal proportions and the bacterial DNA was extracted and purified as described by Macé et al. (2012 
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10 PCR clean-up 1: HighPrep™ PCR beads (MAGBIO GENOMICS, Gaithersburg, USA)
were used to purify the 16S V3-V4 amplicons from free primers and primer dimers.
The PCR products were cleaned according to the MAGBIO protocol (www.magbiogenomics.com). at 72°C, and a final step of 7 min at 72°C. The PCR products were cleaned as described above.
Index PCR:
Library quantification and normalization:
The DNA library was validated on a Bioanalyzer DNA 7500 chip (Agilent, Santa Clara, USA) to verify the size of the amplicons. Library quantitation was done by fluorometry using the Quant-iT
PicoGreen dsDNA assay Kit (Invitrogen, Carlsbad, CA).
Library denaturing and MiSeq sample loading: Eight pM final loading concentration
for the best cluster density and 20% PhiX control was spiked in.
Sequence processing, taxonomic assignment and analysis of diversity: Sequencing data were analyzed using the Qiime 1.9.1 pipeline (Caporaso et al., 2010a) . Forward and reverse reads were joined using fastq-join (Aronesty, 2011) and quality filtered using default Qiime parameters (Bokulich et al., 2013) . Chimera were detected using USEARCH (Edgar, 2010) and chimera-filtered reads were clustered into operational taxonomic units (OTUs) using UCLUST (Edgar, 2010) against the SILVA SSU database release 119 (Quast et al., 2013) at the 97% identify level, as well as de novo. A representative sequence was selected for each OTU and aligned against the
Silva core alignment using PYNAST (Caporaso et al., 2010b) . Taxonomic assignment was performed with UCLUST (Edgar, 2010) using the SILVA taxonomy.
Beta diversity was computed using the UniFrac method (Lozupone and Knight, 2005) and visualized in three-dimensional PCoA plots using EMPEROR (Vázquez-Baeza et al., 2013) . A phylogenetic tree was built using FASTTREE (Price et al., 2010) .
Sequences have been deposited at the European Nucleotide Archive (ENA) under the project accession number PRJEB20568.
Statistical analysis
Chemical and cultural enumeration data were analyzed using the software R (version 2.14.0). Descriptive statistics of means, standard deviation, linear regression, twoway ANOVA and Tukey's HSD post-hoc test were applied. A significance level of 5% was used.
Results
Comparison of whole fish and packed fillets
Organoleptic inspection
At day 0, the whole red drums possessed all the characteristics of fresh fish (freshness index = 0, Table 1 ). After 8 days of iced-storage, the index reached a value of 1.8 due to a strong change in the shape (flat) and the color of the eyes (duller pupil and opalescent cornea), a softening of the flesh and a slight pinkish coloration of the muscle near the spinal column. The whole fish were rejected at day 15 with a freshness index equal to the acceptability limit of 2.8 (mean of the criteria underlined in gray in Table 1 ).
Fresh fish fillets (day 0) were mainly characterized by a firm texture with a uniform and normal color and a typical marine odor. After 8 days, all samples were of very good quality and weak changes appeared at day 15. The MAP fillets were slightly discolored but still considered of better quality than VP fillets, which released a weak off-odor and were greenish in color. However, despite these impacts on the sensory quality, these fillets remained acceptable throughout the storage period (data not shown).
Chemical analyses
The pH value of fresh flesh was equal to 5.96 ± 0.01. The flesh of whole fish slightly alkalinized with a final pH of 6.10 ± 0.07 while the pH of VP products fell to a value of 5.87 ± 0.07 at day 15 (data not shown, significant difference with whole fish). The pH of MAP fillets remained more stable (very weak acidification) during the storage, with a final value of 5.92 ± 0.09. , respectively. A decrease was observed in the whole fish (16.6 ± 1.9 mg-N 100 g -1 at day 15) whereas TVBN increased in the packed fillets, particularly in VP fillets where the value at the end of storage was equal to 28.4 ± 0.9 mg-N 100 g -1 (p<0.05). For all batches, the TMA concentrations dropped from approximately 6 mg-N 100 g -1 at day 0 to around 2 mg-N 100 g -1 at day 8 and remained stable until day 15.
Bacterial counts
As shown in Fig. 2 , mesophilic bacteria (TMVC) were generally higher by 1 Log CFU g -1 than the psychrotrophic flora (TPVC) in all samples and throughout storage. At day 15, TMVC and TPVC ranged from 7.6 to 8.4 Log CFU g -1 and 6.3 to 7.3 Log CFU g -1 , respectively. LAB was the major group of bacteria enumerated in the 3 batches (5.6 to 6.9 Log CFU g -1 , depending on the storage), followed by Brochothrix sp. (4.8 Enterobacteriaceae were slightly higher than in iced whole fish.
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Comparison of vacuum and modified atmosphere packed fillets
Sensory analyses
The results of the organoleptic evaluation performed at the PARM laboratory are presented in Table 2 . Fresh red drum fillets (day 0) possessed a uniform bright appearance with a typical slight pink color and a marine/fresh fish odor. Until day 15, few changes were detected and the overall score remained lower than or equal to 4
for the 2 batches. After 22 days of storage, MAP products had a duller color and a softer texture than VP products but the off-odor levels were similar. VP and MAP fillets reached an overall spoilage score of 5.2 ± 0.3 and 5.5 ± 0.5, respectively (no significant difference). VP and MAP fillets were considered unacceptable at day 29
(overall score > 6). A strong discoloration of the flesh was observed. VP samples had a firmer texture than MAP products but released a stronger odor on opening the packaging. The off-odor profiles were obtained in more detail by the sensory panel from Ifremer. 
Biochemical analyses
The initial pH (day 0) was equal to 6.37 ± 0.11. This value was fairly stable throughout the storage and no significant difference (p > 0.05) was observed between the 2 batches (data not shown). A very small production of TVBN was observed in samples with maximum concentrations of 18.5 ± 1.0 mg-N 100 g -1 and
16.6 ± 1.0 mg-N 100 g -1 for VP and MAP samples, respectively (data not shown).
The TMA content was equal to 0.7 ± 0.2 mg-N 100 g -1 at the beginning and stabilized at around 2-3 mg-N 100 g -1 from the 15 th day for VP products and from the 22 nd day for MAP products (data not shown). and spermine were present in the fresh fillets (day 0) at a respective level of 8 ± 1 mg kg -1 and 15 ± 2 mg kg -1 but no significant production was recorded (data not shown).
Histamine was never detected in the red drum flesh.
Bacterial counts
The initial quality of fillets was poor with TMVC equal to 4.9 ± 0.1 Log CFU g -1 (Fig.   5 ). The TPVC was around 1 Log CFU g -1 lower (p<0.05) but increased more rapidly than TMVC with both counts reaching their maximum concentration of 7.5-8 Log CFU g -1 at day 15 in VP and MAP samples. The other enumerated bacteria were
present at a level of 3-4 Log CFU g -1 at the beginning of storage. The LAB count increased rapidly up to 7.5 Log CFU g -1 at day 15 and this group was predominant in both products (no significant difference), reaching around 8.0 Log CFU g -1 at the end of storage. Brochothrix sp. also developed very quickly in the VP and MAP fillets and reached 6.9 ± 0.2 Log CFU g -1 and 7.3 ± 0.1 Log CFU g -1
, respectively. The
Enterobacteriaceae developed more slowly, except during the last week for VP storage when this family increased from 6.9 ± 0.4 Log CFU g -1 to 8.0 ± 1.0 Log CFU Sixty-six isolates (22 at day 0 and 22 at each sensory rejection time of VP and MAP products) were identified by the 16S rRNA sequencing gene (see Table 1 in Ref [Silbande and Leroi, 2017] 
Illumina sequencing analysis
A C C E P T E D M A N U S C R I P T for fresh red drum fillets in which they were equal to 13.9%.
Discussion
In the present study, the quality of tropical farmed red drum (S. , which is much higher than the 6 Log CFU g -1 obtained for spoiled sciaenids in the study of Jeyasekaran and Sugumar (1997) . The decrease in TVBN and the absence of TMA contents indicated that these indices are not reliable to detect the sensory spoilage of whole red drums. A similar result was found for European sea bass in which the change in volatile bases occurred after the rejection point (Castro et al., 2006) . This phenomenon may be due to the washing effect of ice (Erkan, 2007; Ola and Oladipo, 2004) . The initial pH of red drum (6.0/6.4) was lower than that of other Sciaenids, which have a pH close to neutrality (Genç et al., 2013; Li et al., 2012 Li et al., , 2013a Li et al., , 2013b . However, the post-mortem pH often depends on various factors such as species, proximate composition of the flesh and constitution of the microbiota (Huss, 1999).
The preliminary study revealed a longer shelf-life of packed red drum fillets, which was studied in more detail in a second trial. The shelf-life of VP and MAP fillets was almost double that of whole fish. In the study of Li et al. (2013b) , raw red drum fillets packed in air-proof polyethylene bags and stored at 4 ± 1°C were spoiled from day 8.
In the majority of studies, the fillets stored in ice or at chilled temperature have a higher count of bacteria than whole fish and a similar or inferior shelf life (Chytiri et al., 2004a; Hernández et al., 2009; Paleologos et al., 2004; Poli et al., 2006; Taliadourou et al., 2003) . However, when fillets are vacuum or modified atmosphere packed, a shelf-life extension of several days is often observed (Arashisar et al., 2004; Ayala et al., 2011; Dalgaard et al., 1993; Genç et al., 2013; Li et al., 2011; Mendes and Gonçalves, 2008; Sáez et al., 2014) .
Just after packaging, the total bacterial count of red drum was 4-5 Log CFU g 
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19 of the fresh red drum fillets. However, the genera frequently cited for fish, such as Bacillus, Clostridium, Lactobacillus and Corynebacterium, were absent or at very low abundance (Gram and Huss, 1996; Huss, 1999 etc.) were also obtained and will enable the spoilage potential of each strain to be analyzed.
Less common genera, such as Chryseobacterium for gram-negative bacteria and
Brevibacterium, Kocuria and Staphylococcus for gram-positive bacteria, mainly composed the initial microbiota. However, these bacteria have not been isolated probably due to their difficulty to grow on the culture media used. In the study of Chaillou et al. (2014), which detailed the bacterial diversity of various meat and seafood products by pyrosequencing, Chryseobacterium was also part of the top 3 genera found in seafood samples. Brevibacterium spp. were isolated long ago from freshwater and sea fish and the Indian Ocean (Crombach, 1972; Johnson et al., 1968; Kazanas, 1966) , while Kocuria spp. were found more recently in marine sediment (Kim et al., 2004) . A high prevalence of Staphylococcus spp. (S.
epidermidis and S. warneri) was also observed in Chaillou et al. (2014) .
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As frequently found in chilled packed seafood (Dalgaard et al., 2003; Franzetti et al., 2003; Leblanc et al., 1997; Leroi et al., 1998; Leroi, 2010; Lyhs, 2002; Paarup et al., 2002; Paludan-Müller et al., 1998) variations and often appears less aggressive in pure culture than in combination with Enterobacteriaceae or B. thermosphacta (Gram et al., 2002; Joffraud et al., 2006; Leisner et al., 2007; Macé et al., 2013; Mejlholm et al., 2005; Paludan-Müller et al., 1998; Sivertsvik et al., 2002) . The unpleasant odors identified on opening the packaging were probably due to a mixture of these species. These off-odors did not persist in the products and were not strongly detected by the sensory panel, probably due to a loss of the volatile compounds before the new packaging and storage at -80°C until the sensory test. The deteriorations in appearance and texture were important limiting factors for the shelf-life of red drum fillets.
Another well-known spoiler of CO 2 -packed fish during chill storage is P. phosphoreum, responsible for a high level of TMA that contributes to the ammonia-like odors (Dalgaard, 1995a (Dalgaard, , 1995b Dalgaard et al., 1997; Emborg et al., 2002; Gram and Dalgaard, 2002; Hansen et al., 2009) . The low abundance of this species and others capable of reducing TMAO to TMA, such as some Enterobacteriaceae, Vibrio and Aeromonas sp., may explain the very weak formation of volatile bases in the VP and MAP fillets (Debevere and Boskou, 1996; Gram and Dalgaard, 2002) .
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The significant production of cadaverine, putrescine and, to a lesser extent, tyramine could be a good indicator of the spoilage of packed red drum fillets during storage.
Similar biogenic amine formation has been reported in white fish flesh such as sea bass fillets (Paleologos et al., 2004) ) after 6 days (Bottino et al., 2017) . Enterobacteriaceae, particularly S. liquefaciens, are often responsible for cadaverine production while tyramine may be produced by C. maltaromaticum. Moreover, the level of putrescine was probably the result of a metabiosis between ornithine-forming LAB (precursor of putrescine) and putrescine-forming Enterobacteriaceae (Bover-Cid and Holzapfel, 1999; Dainty et al., 1986; Gram et al., 2002; Jørgensen et al., 2000b; Laursen et al., 2006; Lavizzari et al., 2010; Leisner et al., 1995) . Other bacterial groups, identified in this study, possess the capacity to produce putrescine and cadaverine:
Pseudomonas sp., particularly P. fluorescens and P. putida, and Shewanella sp., especially S. putrefaciens and S. baltica (Ge et al., 2017; López-Caballero et al., 2001; Özogul and Özogul, 2005; Rodriguez-Jerez et al., 1994) . Conversely, B.
thermosphacta not show a production of these two biogenic amines and even tends to attenuate the potential ability of others bacteria (Casaburi et al., 2014; Fall et al., 2012; Mejlholm et al., 2005; Nowak and Czyzowska, 2011) . The absence or negligible production of histamine in MAP and VP samples, respectively, is due to either a low free-histidine content in the flesh (no data available) or the absence of
histamine-producing bacteria such as Morganella morganii, Raoultella spp. and P.
phosphoreum (Drancourt et al., 2001; Kanki et al., 2002 Kanki et al., , 2004 Özoğul, 2004 ).
In conclusion, chilled packed fillets of red drum present a longer shelf-life than whole gutted iced fish. VP products retain a better appearance than MAP samples at the end of storage. The results of Illumina sequencing provide detailed data on the bacterial ecosystem evolution during the storage of packed red drum fillets and identify the bacterial species that do not grow on culture media. More research is needed to characterize the spoilage potential of the bacteria isolated from red drum and to develop rapid quality control methods for the local fish farming sector. 
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